This study examined the relationship between histological variables and diffusion tensor imaging (DTI) values in a normal canine brain. We hypothesized that radial diffusivity (RD) would correlate with myelin density and fractional anisotropy (FA) would correlate with white matter fiber coherence. We acquired DTI maps of a normal canine brain post mortem on a 7T MR scanner (TR = 100 ms, TE = 18.1 ms, NEX = 1, width [d] = 4 ms, separation [D] = 8.9 ms, gradient amplitude = 600 mT/m, b=1,565 s/mm 2 ) and generated maps of FA, RD, and axial diffusivity. The brain was subsequently sectioned and stained for myelin with gold chloride, which also allowed for measurement of fiber coherence. DTI metrics were then directly compared with the optical density of the myelin stain and the coherence of stained fibers. Multivariate linear regression demonstrated that RD, but not FA, significantly correlated with both myelin stain intensity (p = 0.031) and fiber coherence (p = 0.035). The Pearson correlation coefficient between these two histological variables and FA was 0.122; and was 0.607 for the histological variables and RD. We found that RD significantly correlated with both optical density of myelinated fibers and fiber coherence, but FA correlated with neither histological finding. Factors other than degree of myelination and fiber coherence should be considered to fully account for regional variation in FA.
Introduction
Diffusion tensor imaging (DTI) is a magnetic resonance (MR) technique that can quantify the magnitude and directionality of microscopic water diffusion. In biological tissues, diffusion is often restricted in some directions by various types of barriers, a condition termed anisotropy. The major metrics generated by DTI include fractional anisotropy (FA, a measure of how much diffusion preferentially occurs along a single axis to the exclusion of others), axial diffusivity (AD, the measure of the magnitude of diffusion along the dominant axis), radial diffusivity (RD, the measure of the magnitude of diffusion along the two axes perpendicular to the dominant axis), and apparent diffusion coefficient (ADC, a measure of the overall rate of diffusion) 1 .
Despite the already extensive applications of DTI, substantial uncertainty exists as to the histological and cellular correlates of DTI metrics. Myelination is one variable that has been implicated as a potentially important factor determining anisotropy measurements. One of the earliest studies of DTI in the nervous system showed that anisotropy in white matter, which is predominantly populated by myelinated axons, was much greater than that of gray matter, where myelinated axons occupy a much smaller partial volume 2 . In addition, reduction in myelination by Wallerian degeneration has been shown to reduce diffusion anisotropy 3, 4 . Furthermore, in the shiverer mouse, a model of demyelination with incomplete myelin formation demonstrates lower FA as compared to controls 5 . These findings lent credence to the idea that myelin density was a principal driver of anisotropy 6 . However, some reported findings argue against myelin as a primary driver of anisotropy. Beaulieu and Allen showed that the unmyelinated but axon-dense olfactory nerve of the garfish had anisotropy comparable to that of its myelinated optic nerve, implying that myelination is not necessary to produce anisotropic diffusion 7, 8 , and that pathologic demyelination or dysmyelination of axons may produce different anisotropic effects compared to normally unmyelinated axons. These results complicate the relationship between myelination and FA. Indeed, there are likely other factors that correlate (negatively or positively) with FA, including the local spatial coherence of structural elements within a volume (voxel), the volume of extracellular space, the diameters of axons, and the organization of cytoskeletal components within axons. Previous studies have shown that animals lacking myelin (e.g., the shiverer mouse) have abnormally high RD values, yet relatively high FA values are maintained, indicating a dependency of RD, but not FA, on myelination 9, 10 . In this study, we performed histological analysis for myelin to determine whether degree of myelination correlated with DTI measurements. We used a gold chloride stain, a well-established stain for the presence of myelin 11 , as a means for assessing myelin density and fiber coherence. Because RD is thought to represent diffusion perpendicular to the long axis of axons and previous studies have shown that RD is dependent on degree of myelination, we hypothesized that we would find that RD values significantly correlate with optical density. On the other hand, as noted earlier, FA has been shown to correlate poorly with degree of myelination in small animal models 9, 10 . Furthermore, in some studies, FA has been shown to correlate with fiber coherence 12 . Use of the gold chloride stain also allows fiber coherence to be measured. Thus, we also hypothesized that FA would correlate with fiber coherence. A B Figure 1 Light micrographs of 2 ROIs (40×) representing our finding that myelination status was much more strongly associated with RD values than with FA values. These histologic sections were stained with gold chloride, and a high intensity of the reddishbrown stain indicates areas with greater myelin content. We can visually appreciate that the left panel contained heavily myelinated tissue compared to the right, which contains only a few myelinated bundles. Among our ROIs, gold chloride optical densities ranged from 112 to 233. A) The corona radiata ROI, which had a high gold chloride optical density of 205, indicative of a high degree of myelination. Measured mean FA value in this ROI was moderate at 0.368 and mean RD value was quite low 1.80×10 -4 mm/s. B) The caudate nucleus ROI, which had a gold chloride optical density value of 167, notably lower that measured at the site shown in A. Measured mean FA value in this ROI was 0.1222 (somewhat lower than the value seen at site shown in A) and mean RD value of 4.20×10 mm/s, much higher than shown in A).
Materials and Methods

Organ Acquisition and Preparation
Imaging was performed on a normal adult brain obtained post mortem from a beagle dog euthanized following an independent research study at the University of Georgia. The protocol was approved by and performed under the guidelines of the university animal welfare board (IACUC). As part of that unrelated research study, the dog was found to have normal findings on the following assessments: neurological examination, hematology, serum chemistry, CSF analysis, and in vivo 3T MR imaging. At the time of sacrifice, the dog was anesthetized with Nembutal (200 mg/kg) and monitored until corneal reflexes were absent, respiration had stopped, and cardiac rhythms were interrupted. The dog was exsanguinated by transcardial perfusion with 0.9% sodium chloride in 0.1 M sodium phosphate buffer, pH 7.4, with 0.5% sucrose, and then submitted to transcardial perfusion, first with 4% paraformaldehyde and then with 10% sucrose buffered in 0.1 M sodium phosphate buffer. The brain was removed and placed in 10% sucrose buffered in 0.1 M sodium phosphate buffer. Two weeks prior to imaging, the brain was immersed in 1% MR gadoteridol contrast agent (Bracco Pharmaceuticals, Milan, Italy) in 0.9% sodium chloride in 0.1 M sodium phosphate buffer, pH 7.4 (phosphate-buffered saline). This process was performed to reduce the T1 relaxation time of tissue and allow a shorter acquisition time.
Imaging
The brain was scanned on a 7T small animal MRI system (Magnex Scientific, Yarnton, Oxford, England) equipped with 670 mT/m Resonance Research gradient coils (Resonance Research, Inc., Billerica, MA, USA), and controlled with a General Electric Signa console (GE Medical Systems, Milwaukee, WI, USA). RF transmission and reception was achieved using a 6 cm diameter quadrature RF coil (M2M Imaging, Cleveland, OH). A B Figure 2 Light micrographs of 2 ROIs (40×) of brain tissue stained with gold chloride showing various degrees of fiber coherence, representative of our finding that RD decreases with increasing fiber coherence but that FA did not necessarily increase with increasing fiber coherence. Among our ROIs, coherence measurements ranged from 0.0215 to 0.132. A) A region with low fiber coherence, containing stained fibers running in many directions, is shown. The ROI of the middle posterior limb of the internal capsule in which white matter fiber coherence was low, measuring 0.030. Mean FA was 0.571 and mean RD was 2.41×10 -4 mm/s. B) A region with high fiber coherence, containing stained fibers predominantly oriented in a single direction, is shown. The ROI of the suprasylvian lobe white matter in which white matter fiber coherence was high, measuring 0.105. The corresponding ROI, which comprised the white matter bundle in the center of this micrograph, had a mean FA value of 0.353 and a mean RD of 1.82×10 -4 mm/s.
For diffusion tensor imaging, we used a six-direction spin-echo approach rather than a multi-shot EPI. Compared to a multi-shot EPI sequence, the spin-echo approach provides higher SNR and is less prone to artifacts and distortions resulting from magnetic field inhomogeneity. In addition, the use of gadoteridol in preparation of the specimen for imaging reduces T2 to the extent that multi-shot approaches (such as EPI) are no longer feasible.
We acquired diffusion-weighted images using a custom-designed spin-echo diffusionweighted pulse sequence (TR = 100 ms, TE = 18.1 ms, NEX = 1). The acquisition matrix was 750 × 500 × 400 over an 75 × 50 × 40 mm field of view producing a Nyquist-limited isotropic voxel size of 100 μm. Diffusion preparation was accomplished using a modified Tanner-Stejskal diffusion-encoding scheme with a pair of unipolar, half-sine diffusion gradient waveforms (width [d] = 4 ms, separation [D] = 8.9 ms, gradient amplitude = 600 mT/m). Two b 0 images and 6 high b-value images (b=1,565 s/ mm 2 ) were acquired with diffusion sensitization along each of six non-collinear diffusion gradient vectors: [ 
Data Processing
Following imaging, we smoothed the data using the SUSAN denoising algorithm implemented in FSL with a three-voxel kernel radius. Although the entire brain was imaged intact, we chose to focus our analysis on the right hemisphere to simplify tensor calculations. Fractional anisotropy (FA), apparent diffusion coefficient (ADC), eigenvalue, and eigenvector maps were reconstructed using Diffusion Toolkit (DTK) version 0.6.2. Radial diffusivity maps were calculated based on the average of the secondary and tertiary eigenvalue maps.
Histology
The brain was immersed in dry ice for ten minutes and hemi-sectioned in the sagittal plane. The right hemisphere was then bisected in the coronal plane at the midpoint of the corpus callosum. The anterior half of the right hemisphere was mounted on a sledgestyle freezing microtome (American Optical, Southbridge, MA, USA) and maintained at the optimal temperature for sectioning with dry ice. Fifty mm coronal sections were taken continuously throughout the block. From these sections, we opted to mount a series consisting of one section per 500 mm (i.e., every tenth coronal section). These sections were stained with gold chloride (Electron Microscopy Sciences, PA, USA) for one hour and then fixed and mounted on glass slides.
ROI Designation
We designated 20 ROIs that were intended to sample diverse neural tissues, including gray matter (six ROIs), and subcortical and deep white matter (14 ROIs) . We tested our designations by isolating ROIs on our scanned brain as well as on two other normal canine brains that were scanned under the same protocol, and verified that the results were anatomically congruent.
Digital Image Acquisition of Histology Slides
The slides were scanned at 1200dpi on a flatbed scanner (HP ScanJet 3110) at fixed brightness and contrast settings. The sections were cropped into individual image files and registered using ImageJ (1.46r). Along with each scan, a piece of undeveloped film was used as a control for possible variations in light intensity during scanning.
Registration of DTI Maps and Histology Slides for ROI Placement
The FA, ADC, radial diffusivity (RD) and axial diffusivity (AD) maps were resized commensurate with the histology images and registered onto the histology stack using a rigid affine algorithm in MATLAB. The histology images were converted to an eight-bit grayscale and a measurement of intensity was taken for each ROI. By convention, darker pixels are assigned lower numbers. For ease of comparison, A B Figure 3 Correlation of fractional aniosotropy with axial diffusivity (A) and radial diffusivity (B). Squares = gray matter ROIs, diamonds = white matter ROIs. There is a weak negative correlation between FA and axial diffusivity, but a very strong one with radial diffusivity.
we subtracted this measure from 256 to produce a variable ("optical density") that would measure the intensity of gold chloride staining in each ROI.
Fiber Coherence Measurements
We sought to determine the degree of alignment of fibers and fascicles within volumes of white matter (i.e., fiber coherence) measured in each of the same ROIs. 40× micrographs for coherence measurements were taken at each ROI using a Nikon Eclipse E400 microscope (Southern Micro Instruments, Marietta, GA, USA) and a MicroFIRE camera (Optronics, OK, USA). Images were acquired with the lamp set at minimum brightness and aperture at maximum size, with an exposure time of 100 ms. Using Im-ageJ, we performed a 2D fast Fourier transform (FFT) on each micrograph, selecting the largest square sample that would entirely fit inside our ROI. This analytical process was based on the approach described by Ayres et al 13 . We then high-pass filtered the 2D FFT spectrum with a radius of eight pixels centered on the origin to remove the lowest spatial frequencies and focus our analysis on the high spatial frequency patterns that give structure to white matter tissue within the ROIs. Using the Oval Profile plugin for ImageJ, we then took the radial sum of the intensities of the remaining pixels within a circle of radius 512 pixels (or 256 if the FFT plot was too small to contain a circle of radius 512) for each of 360 degrees of the circle. From the graph of these radial sums, we then plotted the 15-value moving average. Finally, we took the percentage difference between the highest and lowest values as our measurement of coherence.
Histology and DTI Metric Acquisition
The histology and MRI datasets were formed into a superstack on ImageJ. ROIs were selected on the histology slices and measurements of staining intensities were taken. The same shape was used for each ROI for measuring DTI metrics. Within each DTI metric map, the ROI shape was translated but not stretched or sheared in order to best fit the definition for each ROI; measurements were then taken. Allowing for translation of the ROI between image series was necessary because of imperfections in the fixed affine registration, but we maintained the shape to minimize inter-rater and intra-rater variability.
Data Analysis and Statistics
Statistical analysis was performed in RStudio v0.97.237. We analyzed the gray matter and white matter separately to determine the contribution of myelination and fiber coherence within each tissue type.
Results
Internal Controls
We sought to verify the consistency of lighting of the flatbed scanner used for measuring myelin density in histological sections, as as- sessed by means of measuring the optical density of a gold chloride stain for myelin. This was done by measuring the absorbance of the same piece of exposed but undeveloped photography film in several locations on the scanner and during multiple scanning sessions over a two-hour period. We verified the consistency of lighting of the microscope by measuring the absorbance of the frosted glass at the edge of the slides during several sessions over two days.
In each case, variation between measurements did not exceed 2%.
Inter-rater and intra-rater reliability assessments were also undertaken to determine the degree to which the optical density, coherence and DTI values obtained from ROI designations were consistent. Two raters measured optical density, coherence, FA, RD, AD, and ADC across the 20 ROIs at two separate sessions one week apart. For each series, the average intra-and inter-rater difference was less than 5%, and the average variability within each ROI did not exceed 9%. Table 1 shows the histological and DTI measurements of each ROI. Based on FA measurements, gray matter and white matter regions were easily distinguished from one another. The highest gray matter FA value was 0.18 (in the gray matter surrounding the optic radiation) and the lowest white matter FA value was 0.31 (found in the inferior posterior limb of the internal capsule). Figure 3 shows the association of FA with (a) RD and (b) AD for white matter. The associations for gray matter are shown as a set of control measurements. Regions with high FA had lower radial diffusivity. There was a mixed trend with regards to axial diffusivity, with a positive relationship in the white matter and a negative trend in the gray matter. Pearson's correlation coefficient for the relationship between FA and RD in white matter was 0.52, accounting for 27.4% of the variance. For the relationship between FA and AD in white matter, the correlation coefficient was 0.64, accounting for 41.0% of the variance.
DTI Metrics in the Canine Brain Gray Matter and White Matter have Distinctly Different Mean FA Values
Relationships of FA Values to Radial Diffusivity and Axial Diffusivity Values
The slope of the graph of the relationship between FA and RD was -1942, while the slope for the graph of FA and AD was 938. Overall, for each unit change in FA, the change in radial diffusivity was much larger than that of axial diffusivity. These findings indicate that the variation in FA in the canine brain was more strongly associated with radial diffusivity than with axial diffusivity. Figure 4 shows the association of gold chloride optical density with (a) FA and (b) RD. A weakly positive association between FA and gold chloride optical density, and a weakly negative association between RD and gold chloride optical density, was noted within white matter. Figure 5 shows the association of white matter fiber coherence with (a) FA (a) and (b) RD. As with Figure 4 , a positive association of white matter fiber coherence with FA and a negative association with RD was seen in white matter.
Comparison of DTI Measurements with Microscopic Anatomy
Relationship of Myelin Optical Density and Fiber Coherence Measurements with FA and RD
These observations indicate that both gold chloride optical density and coherence are associated with FA and RD in both gray and white matter, though none of the interactions are significant on their own. When comparing the histology-DTI trend lines in white matter and gray matter, the two tissues seem to be following separate trend lines with comparable slopes but different intercepts. They also show that gray and white matter differs in FA and RD even holding these two histological variables constant. We then used multivariate linear regression models to further explore these associations.
Multivariate Linear Regression for Correlation of Histological Findings and DTI Measurements
For each of the following approaches, we used a set of two multivariate linear regression models to determine the degree of correlation between histological findings and DTI variables. Each model used gold chloride optical density and fiber coherence as independent variables; one model used FA as the dependent variable; the other model used RD as an independent variable. Importantly, we verified that the two histological variables were not signifi-cantly correlated (p = 0.997) and hence could be addressed as two independent variables.
In Figures 4 and 5 , gray matter and white matter ROIs clustered very differently. We therefore created a categorical variable to classify ROIs as either white or gray matter and performed a regression across all ROIs, with the categorical gray matter/white matter variable, OD, and fiber coherence as our independent variables. FA correlated only with gray matter/white matter distinction (p = 0.0030), but RD correlated significantly with both gold chloride optical density (p = 0.031) and fiber coherence (p = 0.035), in addition to strongly correlating with gray matter/white matter distinction (p = 1.28*10 -5 ).
Multivariate linear regression was used to test for interaction effects between gold chloride optical density and fiber coherence in determining either FA or RD. No significant interaction effect was found; p = 0.54 and p = 0.42, respectively.
To determine the proportion of variance accounted for by OD and fiber coherence in gray matter and white matter, we performed multivariate linear regressions on white matter ROIs and gray matter ROIs separately. We found that FA in white matter was not significantly correlated with gold chloride optical density (p = 0.68) or with fiber coherence (p = 0.18). The Pearson correlation coefficient for the correlation in white matter between FA and the two histological variables was 0.12, indicating that the two histological variables account for only 1.5% of the variance in FA.
We also found that FA in gray matter was not significantly correlated with gold chloride optical density (p = 0.32) or with fiber coherence (p = 0.32).
The Pearson correlation coefficient for the correlation between FA in gray matter and the two histological variables was 0.61, indicating that the two histological variables account for 36.9% of the variance in FA.
These findings from multivariate linear regression analyses on the relationship between FA and the histological features of gray and white matter are consistent with the pairwise correlational analysis presented above (see Figures 4 and 5) . However, for the relationship between RD and histological features, multivariate linear regression revealed significant relationships in white matter that did not achieve significance with pairwise correlation. Thus, we found a significant relationship in white matter between RD and fiber coherence (p = 0.042). RD was not significantly correlated with gold chloride optical density (p = 0.15), but taken together, the correlation coefficient for RD and the two histological variables was 0.55, accounting for 30.1% of the variance in RD.
For gray matter, we found that RD was not significantly correlated with gold chloride optical density (p = 0.28) or with fiber coherence (p = 0.72).
The correlation coefficient for RD and the two histological variables was 0.594 for gray matter, accounting for 35.3% of the variance in RD. A B Figure 5 Correlation of fiber coherence with fractional anisotropy (A) and radial diffusivity (B). Squares = gray matter ROIs, diamonds = white matter ROIs.
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Discussion
Previous investigations have performed histology-DTI correlations for the purpose of testing the anatomic accuracy of white-matter tracts generated by tractography 10, [14] [15] [16] . Here, we have taken a different approach towards histology-DTI comparisons. We employed a histological stain (gold chloride 11 ) to demonstrate the presence of myelinated fibers in white and gray matter in the canine brain. This stain allowed for direct quantitative comparisons between two histologic parameters -staining intensity, assessed by means of measuring optical density, and fiber coherence, assessed by means of fast Fourier transform -and DTI parameters in the same specimen post mortem. We defined a diverse panel of ROIs to capture the breadth and diversity of neural tissue organization in the canine brain. In this study, we hypothesized that RD would correlate with degree of myelination (as measured by optical density) and that FA would correlate with fiber coherence. However, although we did indeed find that RD significantly correlated with optical density of myelinated fibers, RD also significantly correlated with fiber coherence, while FA correlated with neither histological finding.
Simple pairwise comparisons between histological and DTI parameters demonstrated associations within both gray and white matter, though these individual analyses fell short of significance. When taking all ROIs together, both gold chloride optical density and fiber coherence were found to correlate significantly with radial diffusivity, and gold chloride staining correlated with fractional anisotropy. In each case, our histological variables explained the majority of the variance in DTI metrics. However, this correlation was strongly attenuated when we added the gray/white distinction as an independent variable. Upon performing that process, radial diffusivity was still correlated with both gold chloride optical density and fiber coherence, but FA was not significantly correlated with either variable. Furthermore, the distinction between gray matter and white matter now accounted for a great deal of the variation in FA and RD.
This result suggests that the microarchitectural differences between gray matter and white matter play a major role in determining DTI metrics, independent of myelination or fiber coherence. Cortical gray matter is organized into multiple horizontal layers differen-tiated by cell type and neuronal connections; white matter, by contrast, consists predominantly of bundles of myelinated axons. Differences in content and organization of these histological features likely account for the different DTI metrics observed between the two tissue types.
At the same time, myelin density (as measured by gold chloride optical density) and fiber coherence were also major determinants of DTI metrics.
For white matter, these two variables explained only 1.5% of the variance in FA but 30.1% of the variance in RD. The correlations were likewise stronger for RD than for FA, which is concordant with the findings of Song et al. 5 that RD is more sensitive to changes in myelination than is FA.
Our FA measurements also provide information to help determine appropriate FA thresholds to separate out gray matter and white matter in tractography. Our highest FA for a gray matter region was 0.18, while our lowest white matter FA was 0.31. While there is no doubt some volume averaging in these measurements, and while some myelinated tracts do extend into gray matter, these data suggest that an appropriate FA threshold for tractography should be at least 0.18. This value is, in fact, is in rough concordance with multiple thresholds that other investigators have used, ranging from 0.15 to 0.24 17, 18 .
Our study sheds light on the relative degrees to which RD and axial diffusivity contribute to FA values. When FA is compared to RD and AD, the slope of the change in FA per unit change in RD was greater than the corresponding slope for AD, supporting the concept that changes in RD values affect FA values to a much greater extent than do changes in axial diffusivity values. This supports a model in which FA increases during brain maturation are more the result of restriction of water motion perpendicular to the long axis of fibers than due to axonal growth, as other investigators have indicated 5 .
Like all studies, our work has a number of limitations. First, our study provides data on a single brain: although we studied various types of white matter and gray matter, our findings do not give an indication as to the degree of variability between brains.
We hope that future work will expand on our observations by performing more extensive subsampling of multiple brains to further increase the accuracy of these correlations.
In addition, we did not measure histological correlates of axon density. Hence, we cannot provide information on the degree to which axonal density affects DTI metrics in the canine brain.
Despite these limitations, these results provide insights into the histological correlates of DTI metrics and remove some uncertainty in investigation of future applications of DTI. Myelination is confirmed to be the major contributor to both FA and RD.
